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INTRODUCTION
Coral reefs are biologically diverse habitats that provide important ecosystem services including coastal fisheries, and protection against storms, tsunamis and rising sea levels . Corals also play an important ecological function, providing biogenic structures for many species of fishes and other invertebrates ( Jones et al. 2004 ). However, considerable evidence suggests that the abundance and physiological performance of reef building corals is declining in many areas (Gardner et al. 2003; Bellwood et al. 2006) , potentially jeopardizing many of their ecosystem services.
Recent studies of coral dynamics have focused on a limited set of factors, including hurricanes (Woodley et al. 1981) , competitors (e.g. algae : Carpenter & Edmunds 2006; Box & Mumby 2007) , conspicuous predators (e.g. crown-of-thorns sea star, Done 1992; fishes, Cole et al. 2008) and mutualists (Pratchett et al. 2000) . Other studies have identified anthropogenic activities (e.g. nutrient enrichment, Bruno et al. 2003; sedimentation, McCulloch et al. 2003; and disease, Harvell et al. 2002; Bruno et al. 2003) as drivers of coral declines. These factors undoubtedly contribute to coral dynamics in many locations and times, but given the diversity of species and biological interactions that comprise coral reef ecosystems (and the relatively limited breadth of scientific study), it is likely that coral dynamics might be influenced by species interactions still unrecognized by scientists.
Although coral reefs are largely known for their more charismatic inhabitants, many small, relatively cryptic species (e.g. small invertebrates) are potentially important players but easily overlooked. For example, vermetid gastropods are sessile and feed via extruded mucus nets that often contact neighbouring substrates, including corals (Morton 1965; Hughes & Lewis 1974) . The largest vermetid, Dendropoma maximum (see electronic supplementary material, appendix A), is common and widespread throughout the Indo-Pacific (Hadfield et al. 1972; Hughes & Lewis 1974; Zvuloni et al. 2008) , and aspects of its feeding ecology have been examined by a number of workers (e.g. Smalley 1984; Kappner et al. 2000; Ribak et al. 2005; Gagern et al. 2008) . In the Gulf of Aqaba (Red Sea), the presence of D. maximum was correlated with morphological anomalies and reduced size in a branching coral (Zvuloni et al. 2008) . Here, we explore vermetidcoral interactions in more detail using a series of field observations combined with experiments designed to quantify the degree to which vermetids cause reductions in growth and survival of four coral species.
MATERIAL AND METHODS
(a) Field surveys We surveyed 90 interspersed patch reefs in a shallow (2-3 m) lagoon of Moorea, French Polynesia (17.488S and 149.818W). Each reef was comprised entirely of a single massive Porities lobata coral colony (see electronic supplementary material, appendix B for discussion of coral taxonomy). We recorded reef morphology (binary response variable: either 'flattened' or 'rugose', see electronic supplementary material, appendix A, figure A1c) from a distance of approximately 5 m (where reef morphology was apparent but the presence of vermetids was not). We then surveyed each reef under closer inspection and recorded the presence or absence of vermetids. We evaluated the relationship between coral morphology and vermetid presence -absence using a x 2 test. We quantified covariation between vermetid densities and the proportion of the reef substrate that was dead (i.e. hard substrate other than live coral) in 103, 22.36 Â 22.36 cm quadrats haphazardly placed on monotypic patches of four focal species (electronic supplementary material, appendix B) of common reefbuilding coral: Porites lobata (n ¼ 37), Pocillopora (n ¼ 26), Porites rus (n ¼ 20) and Montipora (n ¼ 20). We visually estimated the proportion of coral substrate that was dead, and counted the number of vermetids that were greater than or equal to 5 mm in aperture diameter (i.e. readily identifiable as D. maximum). We evaluated variation in vermetid densities among substrate types using ANOVA, and relationships between the proportion of dead substrate and vermetid density using least-squares linear regression.
(b) Field experiments
We conducted six field experiments to quantify the effects of vermetid gastropods on skeletal growth and survival of four focal coral species: Porites lobata, P. rus, Pocillopora, Montipora at a site in Maharepa lagoon, and on two of these species (P. lobata and Pocillopora) at another site (West Temae lagoon). Focal corals (juvenile P. lobata; fragments from larger colonies for other species) were attached to plastic bases (approx. 10 Â 10 cm) using epoxy and weighed (Davies 1989 ).
This journal is q 2010 The Royal Society Our experiments were conducted on small (less than 5 m 2 ), shallow (approx. 2 m depth) patch reefs that (initially) had local populations of the vermetid gastropod, D. maximum. We randomly selected half of the 12 study reefs within each experiment (n ¼ 6) and removed vermetids. The remaining reefs comprised a control group (n ¼ 6) (vermetids were present at ambient densities). Focal corals were weighed in the laboratory, transplanted in triplicate to each reef and secured to galvanized staples (previously affixed to the reef) using plastic cable ties. All experiments were initiated between 2 June and 10 June 2006. Our observations after transplanting corals showed that most corals were directly contacted by mucus nets in the treatments, where vermetids were not removed, in a manner similar to what we have observed with naturally occurring corals.
Focal corals were collected after 47 days, returned to the laboratory and reweighed to assess growth (as change in skeletal mass: Davies 1989) . Following weighing, all corals were immediately returned to their original location on experimental reefs. On 13 January 2007 (after 217-225 days), the proportion of coral surface area alive was estimated visually by a single observer in the field. The effects of vermetids on focal corals in each experiment were analysed using a nested-ANOVA (three corals/reef; six replicate reefs per treatment).
RESULTS
The presence of vermetids was strongly associated with growth anomalies of the reef-building coral, P. lobata ( vermetid density (no. per 500 cm 2 ) vermetid density (no. per 500 cm 2 ) Figure 1 . Relationships between the local density of Dendropoma maximum (number of snails ! 5 mm aperture diameter in a 500 cm 2 quadrat) and the proportion of that quadrat consisting of dead coral for monospecific sites consisting of (a) Porites lobata rates of Pocillopora by 68 -81%, P. rus by 62 per cent, P. lobata by 40-62% and Montipora by 24 per cent. Vermetids also reduced survival of all species of coral except Montipora (which exhibited 100% colony survival: figure 2b ). Averaged across coral species and locations, vermetids reduced (i) coral skeletal growth by 56 per cent and (ii) colony survival for three of these four species by an average of 40 per cent (Montipora was unaffected). Coral species varied in their ambient growth rates and susceptibility to vermetid effects, suggesting that the relative abundances of corals may be appreciably altered by vermetid-coral interactions (see electronic supplementary material, appendix C for a simple extrapolation of our results).
DISCUSSION
Our field experiments demonstrate that vermetids can have deleterious effects on four species of coral. Ambient densities of D. maximum reduced coral growth by up to 82 per cent and survival by up to 52 per cent. Experimental results were concordant with field surveys, in which vermetid densities were positively correlated with dead coral for P. lobata, P. rus and Pocillopora, but not Montipora. Two other studies (one experiment in Guam: Colgan 1985; and one observational study in the Red Sea: Zvuloni et al. 2008) suggest the negative effects of vermetids on corals, which we observed in Moorea may also occur in other locations. Our research strengthens and extends the inferences drawn from these previous two studies (one based upon correlative evidence, the other published in symposium proceedings; both focused on a single coral species). Importantly, our field experiments demonstrate interspecific variation in the responses of corals to D. maximum, which collectively suggest that vermetids may alter the structure of coral communities (e.g. electronic supplementary material, appendix C).
Despite these demonstrably strong effects: (i) vermetids are not uniformly distributed across the reef environment; and (ii) considerable live coral persists around vermetids even in the shallow habitats where vermetids are common. The patchy distribution of vermetids indicates that corals may have spatial refuges from deleterious effects of D. maximum. The occurrence of live coral adjacent to D. maximum does not preclude the existence (or importance) of strong deleterious effects. We posit that this cooccurrence probably reflects productive microsites, where net coral growth remains positive despite vermetid-induced effects.
Although the mechanisms underlying strong vermetid-coral interactions remain unknown, we speculate that they probably involve vermetid mucus nets. Thus, deleterious effects on corals will depend on vermetid density, possibly generating strong spatio-temporal variation in responses reflecting local vermetid dynamics. Further, we hypothesize that vermetid recruitment dynamics (possibly facilitated by an initial disturbance causing partial death of a coral colony) may play an important role in vermetid-coral interactions. Anecdotal evidence also suggests that the density of D. maximum has increased recently in the Red Sea (Zvuloni et al. 2008) and Moorea (B. Salvat & Y. Chancerelle, personal communication) , possibly in response to coastal eutrophication driven by human activities (Zvuloni et al. 2008) , and/or a reduction in harvesting (D. maximum is a traditional food source in Polynesia: electronic supplementary material, appendix D).
Vermetid gastropods, though poorly studied, have the potential to greatly influence corals and possibly induce cascading effects on associated fish and invertebrate communities. Unfortunately, vermetids are a zoological 'oddity' and remain understudied. We therefore lack detailed information on their distribution, historical dynamics, evolution and ecological effects. In this respect, vermetids are representative of many coral reef organisms, and they underscore our Vermetid -coral interactions J. S. Shima et al. 817
very limited understanding of the basic biology and natural history of most inhabitants of coral reefs, some of which will undoubtedly contribute to the trajectories of these important and diverse ecosystems.
